IN RECENT YEARS, conventional time-motion echocardiography has become widely accepted as a useful method for the detection of mitral valve prolapse.1-5 Despite this promising application, some investigators" have expressed concern over the sensitivity and specificity of the timemotion echocardiographic criteria that define this entity. Two-dimensional, or cross-sectional, echocardiography, because of its unique ability to provide spatial information regarding cardiac structures, shows promise for the accurate noninvasive detection of patients with the mitral valve prolapse syndrome. At the present time, however, there are no reasonable descriptive criteria for the diagnosis of mitral valve prolapse using this technique. Most importantly, there is no existing information regarding the two-dimensional echocardiographic-angiographic correlates observed in patients witS mitral valve prolapse.
The purpose of this study was to compare the twodimensional echocardiographic (2-D echo) appearance of mitral leaflet motion in patients with and without angiographically proven mitral valve prolapse. From this information, baseline descriptive criteria for the diagnosis of mitral valve prolapse by 2-D echo were formed. Methods
Patients
One hundred eighty-three consecutive patients underwent complete clinical, 2-D echo, and angiographic examination in a three-month period for the diagnosis of various forms of heart disease. Of these, 49 patients were selected for this study on the basis of catheterization. These patients had either normal mitral valve function or mitral valve prolapse on cineangiogram and had 2-D echoes suitable for the analysis of mitral leaflet motion throughout the cardiac cycle. Twenty-eight patients were catheterized specifically for 
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the diagnosis of angina-like chest pain. Selected clinical data concerning reasons for catheterization, physical examination and resultant hemodynamic data in these two groups of patients are summarized in table 1. The patients were divided into two groups. In group I, 15 patients, the results of catheterization failed to reveal evidence for heart disease. In group II, 34 patients, the results of catheterization revealed unequivocal angiographic evidence of mitral valve prolapse.
Catheterization Methods
All patients underwent complete left and right heart catheterization using the Seldinger technique. Intracardiac pressures were recorded in a standard fashion and cardiac output was determined by the Fick method. Biplane left ventricular cineangiograms were obtained with the patients in a slight right anterior oblique position using a mixture of 66% meglumine diatrizoate and 10% sodium diatrizoate (Renografin-76). Selective coronary cinearteriography was performed in all patients. Significant coronary artery disease was defined as a 75% or greater stenosis of one or more major coronary vessels. Left ventricular cineangiograms were independently analyzed for evidence of mitral prolapse7-1" and the presence and severity of mitral regurgitation. Mitral prolapse was noted when one or both of the mitral leaflets was seen moving into the left atrium in systole in both right anterior and left anterior oblique views. The results of angiography were agreed upon by two angiographers.
Echocardiographic Methods
Two-dimensional echoes were obtained using a previously described12' 13 real-time, phased array imaging system developed in the Duke University Biomedical Engineering Department that is currently undergoing clinical evaluation in the Duke University Department of Medicine.This imaging system uses a hand-held, 24 element 2.25 MHz transducer array that measures 14 X 24 mm at the site of skin contact and relies upon phased array principles to electronically steer the sound beam through the structures under investiga- single frame video field represents only one-half (80 lines) the information provided in the actual scan or in real-time playback.
All echoes were obtained within one day of cardiac catheterization. The 2-D echo appearance of the mitral valve leaflets, the systolic mitral ring motion and the adjacent left ventricular wall movement were analyzed. In addition, quantitative assessment of the point of early systolic coaptation of the mitral leaflets was obtained by measuring the distance from the anterior echo of the posterior aortic root at its junction with the mitral leaflet (mitral ring) to the point of leaflet coaptation ( fig. 3 ). The point of anterior measurement moved with the aortic root rather than the mitral leaflet. Discrete echoes from the anterior surface of the anterior mitral leaflet were often obscured by multiple echoes due to leaflet curvature of chordal structures. The point of initial leaflet coaptation was, therefore, chosen as the position for posterior measurement since it could be most easily identified. This calculated index is notably similar to that previously used by Johnson'4 in time-motion echocardiography.
Time-motion echocardiograms were obtained in most patients (37 of 49) using previously described techniques.' Particular care was taken to assess mitral leaflet systolic contour with the transducer positioned perpendicularly on the chest wall according to the method of MarkiewiCz.6 Echocardiographic sweeps were performed with the transducer initially held perpendicular to the mitral leaflets and then angled superiorly to the aortic root. Measurement of posterior leaflet coaptation was made from the posterior aortic root wall to the point of the leaflet coaptation in early systole." The presence or absence of mitral prolapse was determined using previously published criteria.'-' Thirty of the time-motion examinations were performed using a commercially available M-mode ultrasonoscope while the remaining seven had this examination performed simultaneously with the 2-D echo using the recently added line selectable M-mode feature of the cross-sectional scanning system.
Results

Group I
Two-dimensional ultrasound showed that in diastole the anterior leaflet of the mitral valve opened downward and anteriorly, while the posterior mitral leaflet moved against the posterior left ventricular wall. With the onset of systole, the anterior leaflet moved posteriorly and the posterior leaflet moved anteriorly, coapting and creating a funneled appearance ( fig. 2 ). Through systole, both leaflets arched slightly toward each other and the entire mitral apparatus descended in an anterior inferior direction. Slight posterior curvature of the anterior mitral leaflet during systole was quite normal. During systole, there was never a superior movement of the leaflets above the level of the atrioventricular ring ( fig. 3 ). Reliable measurements of the point of leaflet coaptation behind the posterior aortic root wall could be made in 12 of the 15 patients and averaged 0.5 ± 0.2 cm (range 0.2 to 0.7 cm). Since the degree of posterior coaptation was minimal in these patients, there was only slight angulation noted between the posterior aortic root and anterior mitral leaflet in systole ( fig. 2 -arrow) . In addition, the posterior mitral ring and its adjacent left ventricular wall moved anteriorly and downward in systole in synchrony with the remainder of the left ventricle. In all patients, left atrial size was normal (less than 4 cm). When superior systolic movement of either mitral leaflet above the level of the mitral ring was severe, that leaflet appeared rather large and manifested a whip-like motion during early diastole as the leaflet opened. This exaggerated excursion of the mitral leaflet is illustrated in figure 7 . The rapid change of position of the anterior mitral leaflet (panels C and D) from its position 1/30 second earlier (panels A and B) is shown.
The results of standard M-mode echocardiography are summarized in table 3. Most importantly, there were seven patients in group II without detectable M-mode evidence for mitral prolapse using currently accepted criteria.'`6 Four of these patients had M-mode examinations performed where multiple areas of the mitral leaflets were examined using the simultaneous M-mode feature of the cross-sectional imaging system. Of the 37 patients with M-mode examinations, 26 (all in group II) did show M-mode echocardiographic evidence for displaced posterior closure of the mitral valve in systole.
Echocardiographic-Angiographic Correlations
The 2-D echo-angiographic correlations regarding the specific leaflet involved in the mitral prolapse are summarized in table 4. All 34 patients in group II had 2-D echo evidence of mitral prolapse. It is important to note that 2-D echo suggested additional prolapse of the anterior mitral leaflet in nine of the eleven patients with angiographic evidence for posterior prolapse alone. In only one case did the 2-D echo fail to identify angiographic prolapse of the posterior mitral leaflet.
In general, when posterior mitral leaflet prolapse was judged severe by angiogram, a significant superior systolic arching of the posterior leaflet was seen on 2-D echo ( fig. 6 ). When posterior leaflet arching was less severe on angiography, minimal or no superior motion was seen on 2-D echo and systolic curling of the posterior mitral ring on the posterior myocardium was the only sign suggesting posterior mitral leaflet prolapse. Similarly, when anterior mitral leaflet prolapse was judged severe by angiogram, superior systolic arching of the anterior mitral leaflet was significant on 2-D echo ( fig. 5 ). It is important to note, however, that minor degrees of arching of the anterior mitral leaflet above the level of the mitral ring were seen in nine patients without angiographic evidence of anterior mitral leaflet prolapse.
In the four patients with mild mitral regurgitation by angiography, both the anterior and posterior mitral leaflets were seen to prolapse by both techniques. Similarly, 13 severe angiographic mitral regurgitation. While quantitative data were not available on all patients, left ventricular wall motion was assessed in qualitative terms by Gorlin's criteria"5 and no abnormalities were seen by either cineangiography or 2-D echo.
Discussion
Mitral prolapse is a relatively common cardiac valvular abnormality.6' 16'" Since the initial descriptions of the timemotion echocardiographic appearance of mitral prolapse by Shah' and Dillon,' this technique has become a useful method for the noninvasive detection of patients with this entity. As clinical experience has grown, however, several authors6' 20 have demonstrated limitations in the specificity of time-motion echocardiography for the diagnosis of this disorder. Weyman," Henry," and Kisslo" and others'8 have demonstrated the initial applications of cross-sectional echocardiography for the detection of a variety of cardiac disorders. Although Sahn24 has recently reported real-time, cross-sectional echocardiographic data in children with mitral prolapse, there are no reports of two-dimensional echocardiographic and angiographic correlations in patients with this entity.
It should be noted that there are several limitations to this study. First, no attempt has been made to test either the sensitivity or the specificity of two-dimensional echocardiography in detecting mitral prolapse. It is possible that patients with angiographically undetectable mitral prolapse were included in group I. The results of this study simply serve to describe certain common features in the 2-D echo characteristics of mitral leaflet motion in normal patients and in those with angiographically proven mitral valve prolapse. Second, in patients with prolapse examined in this study, the prolapse was most often severe. Of the 34 patients with prolapse, 17 had severe mitral insufficiency. This population was, of course, highly selected, as it is based solely on catheterized patients. It is important to recognize, however, that in the 13 patients with mild or moderate prolapse and no angiographic evidence for mitral insufficiency, 2-D echo evidence for displaced posterior closure, systolic superior leaflet .motion, or curling of the posterior mitral ring were still present. Third, 2-D echo, like all pulsed ultrasonic techniques, is somewhat limited in its applicability to all patients due to poor sound transmission characteristics induced by abnormal chest wall configuration, patient age, or the presence of interposed lung. Clinical experience with real-time, two-dimensional echocardiography in this laboratory in nearly 1,000 consecutive, unselected patients has revealed that an unsatisfactory 2-D echo of the mitral leaflets is obtained in approximately 10% of examinations. Fourth, correlative M-mode and 2-D echo data were available in only 37 of the 49 patients in this study (table 3 ). All patients in group I examined by standard M-mode technique were completely normal. Of interest is the fact that seven patients in group II also failed to show M-mode evidence of prolapse by currently accepted criteria.'-6 There was no obvious relationship between the morphology of mitral prolapse seen on either 2-D echo or angiography and abnormalities noted on M-mode. Twentysix of the twenty-nine patients in group II, however, did show evidence for displaced posterior coaptation in systole.
Although the numbers are still relatively small, these findings may suggest that 2-D echo is more sensitive than M-mode in detecting mitral prolapse when criteria concerning mitral systolic contour alone are used. Further studies seeking to define the interrelationships of 2-D echo and M-mode are presently underway.
The most common 2-D echo feature (table 2) of mitral prolapse was displaced posterior coaptation of the mitral leaflets 0.8 cm or greater beyond the posterior aortic root (fig. 4) . In the case of anterior leaflet prolapse, when the leaflet is large and redundant, this possibly comes about secondary to excess leaflet tissue. With posterior mitral leaflet prolapse, this abnormality is likely brought about as a result of the superior motion of the posterior leaflet, drawing the anterior leaflet markedly posteriorly in early systole. It should be understood that the measurement of displaced posterior coaptation of the mitral leaflets in patients with mitral prolapse should not serve by itself to differentiate patients with normal valve motion from those with prolapse. Rather, this quantitative index was applied in this study purely to provide a means for expressing the markedly disordered valve closure seen in these patients. Unfortunately, the reliability of any echocardiographic measurement is limited by resolution, gain setting, and/or other factors that affect the quality of the ultrasonic image. The ultimate utility of this measurement remains to be proven by prospective investigations in larger series of patients.
The most reliable indicator of mitral prolapse should remain superior motion of either one or both mitral leaflets above the level of the mitral ring in systole. When angiographic prolapse is severe, this 2-D echo finding will also be severe and the involved leaflet will appear large and redundant. Also with severe prolapse, during early diastole, as the leaflets first move downward into the ventricle, a whip-like motion is present ( fig. 7 ) near the tip of the involved leaflet.
When the degree of angiographic anterior prolapse is minor, superior motion of the anterior mitral leaflet is usually seen on 2-D echo. In fact, superior arching of the anterior mitral leaflet by 2-D echo suggesting anterior mitral leaflet prolapse appears more common than is evident by angiography. In this study, nine patients had anterior mitral
NORMAL leaflet prolapse by 2-D echo that was not seen by angiography. One must keep in mind the normal anatomy of the mitral valve as described by Ranganathan et al.26 Because the anterior mitral leaflet has greater height than the posterior leaflet, it is more easily seen by 2-D echo. Despite this disparity in height, however, the anterior leaflet is frequently difficult to define by angiography due to the fact that it is superimposed on the opacified silhouette of the left ventricle. On the other hand, the posterior leaflet has a wider attachment to the atrioventricular ring than the anterior leaflet, and this, coupled with the fact that it is viewed in profile in the left anterior oblique position, renders it easily visible by angiography. DeMaria4 and others have previously pointed out some of the problems in assessing mitral valve prolapse with cineangiography.
When angiographic posterior prolapse is minor, superior motion of the posterior leaflet is either minimal or not evident and one must rely on the abnormal curling of the mitral ring on the adjacent posterior myocardium before prolapse can be suggested by two-dimensional echo. Curling, as defined in this study, relates to abnormal annulus motion in an inferior direction relative to its adjacent myocardium. It is important to note that this curling motion can only be appreciated when the cross-sectional echocardiograms are played in real transducer is then swept medially across the valve structures, the displaced posterior coaptation and severe anterior and posterior prolapse become evident. Figure 8 illustrates the multiple patterns of mitral prolapse that may be seen by two-dimensional echo and points out that one or more patterns may be evident in any one patient. It is recommended that the entire mitral valve be carefully examined by sweeping the 2-D echo plane laterally to medially so that all abnormalities may be detected.
It should, however, be noted that if the transducer is angled medially and tangentially across the mitral orifice in normals, false posterior coaptation and minor superior arching of the anterior mitral leaflet may result. In this case, the anterior-posterior diameter of the mitral ring appears narrow and posterior leaflet motion remains normal.
In conclusion, in patients with angiographically demonstrated mitral valve prolapse, it appears that certain abnormalities of mitral valve motion are evident by twodimensional echocardiography: 1) posteriorly displaced leaflet coaptation, 2) systolic movement of one or both mitral leaflets above the level of the mitral ring, and 3) systolic curling motion of the posterior mitral ring on its adjacent myocardium. One or more of these abnormalities was found in all 34 patients with mitral valve prolapse examined in this study. Future application of this new ultrasonic imaging technique, however, will depend upon further study of the sensitivity and specificity of these criteria in large numbers of patients with suspected mitral prolapse syndrome.
